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Introduction {#sec1}
============

Global regulatory networks control most cellular decisions, including differentiation, stress response, and environmental adaptation. These networks frequently have a specific "bow-tie" organization where multiple inputs and outputs are connected to a core process or a regulator ([@bib15]). In bacteria, one of the most common global regulatory motifs comprises a sigma factor---a promoter-specific subunit of the bacterial RNA polymerase---and an anti-sigma factor that binds and inhibits the sigma factor ([@bib45], [@bib46]). The multi-input structure of these motifs allows them to integrate a variety of stimuli that control stress responses ([@bib26]) and developmental checkpoints ([@bib51]).

One of the best-studied sigma/anti-sigma factor checkpoints is involved in the control of flagellar biosynthesis ([@bib13], [@bib40]). In *Escherichia coli* and other bacterial species, flagellar genes are organized in a hierarchical regulatory network of three classes based on their order of expression and common transcriptional regulation ([@bib1], [@bib11], [@bib13], [@bib30]) ([Figure 1](#fig1){ref-type="fig"}A). Altogether, this network encodes more than 40 proteins that are necessary for flagellar motility and chemotaxis ([@bib38], [@bib59]). At the upper level of this regulatory hierarchy is the class I master regulator that is formed by two polypeptides, FlhD and FlhC. It activates class II genes that encode structural components and assembly factors of the flagellar hook-basal body (HBB) complex and of the export apparatus required for biogenesis of flagellar filament. Two other class II genes encode the sigma factor σ^28^ (FliA) and the anti-σ^28^ factor (FlgM). At first, both polypeptides are coexpressed, but σ^28^ is inhibited by binding to FlgM. Upon HBB completion, however, FlgM is secreted from the cell through the flagellar export apparatus to release free σ^28^. This activates expression of σ^28^-controlled (class III) genes that encode the subunit of the flagellar filament (FliC), stator components of the flagellar motor (MotA and MotB), as well as the chemotaxis pathway ([@bib28]). Notably, *flgM*, *fliA*, and a number of genes that are required for flagellar assembly possess both class II and class III promoters, and are therefore referred to as class II+III genes ([@bib11], [@bib13]).

Motility and chemotaxis of *E. coli* are among the most extensively studied biological processes ([@bib55], [@bib59]), and the chemotaxis pathway has been used as a model to study evolutionary network optimization ([@bib2], [@bib4], [@bib32], [@bib35], [@bib44]). Here, we experimentally investigated evolutionary plasticity (evolvability) of motile behavior. Experimental evolution is increasingly applied to investigate predictions of evolutionary theory, particularly in microorganisms ([@bib6], [@bib17], [@bib27], [@bib31], [@bib48], [@bib56]). For example, it has been extensively used to study the evolution of antibiotic and stress resistance ([@bib10], [@bib36]) or catabolism of specific nutrients ([@bib8]), typically yielding mutations in a single or a small number of target genes ([@bib8], [@bib23], [@bib58], [@bib61]). Such experimental evolutionary analyses have helped to better understand several features of the evolutionary process, such as epistatic interactions between multiple mutations, evolutionary trajectories, and evolution in changing environments ([@bib56]). However, understanding the evolution of complex behaviors and of the underlying regulatory networks still remains a challenge ([@bib27]).

Our results enabled us to characterize the evolvability of the regulatory network that controls bacterial motile behavior. Surprisingly, the observed evolutionary enhancement of motility was achieved through adaptive mutations in a number of functionally very different genes, encoding components of flagellar motor and export apparatus, as well as transcriptional and translational factors. Nevertheless, we showed that most of these mutations acted through a common adaptive mechanism, namely remodeling of the sigma/anti-sigma factor checkpoint, thus leading to common phenotypic changes. This remodeling of the checkpoint apparently adjusts cell motility under selection both during laboratory evolution and in natural isolates of *E. coli*. Our findings suggest that bow-tie topology can generally enhance evolvability of networks, thus indicating a previously unrecognized evolutionary function of this widespread network motif.

Results {#sec2}
=======

Experimental Evolution Enhances Motility and Chemotaxis {#sec2.1}
-------------------------------------------------------

We performed experimental evolution of motile behavior of *E. coli* using selection for enhanced spreading in tryptone broth (TB) soft agar (TBSA), a porous medium containing a mixture of amino acids that act both as nutrients and as chemoattractants. Consumption of amino acids generates steep local attractant gradients that are subsequently followed by bacteria, which requires motility, chemotaxis, and growth ([@bib7], [@bib63]). In our experiment, a cell population was allowed to spread for ∼12 hr on a TBSA plate, at a growth rate of approximately one cell generation per hour, and cells from the edge of the outer spreading ring were taken to inoculate a new plate ([Figure 1](#fig1){ref-type="fig"}B). We observed that spreading of the evolved strains greatly improved within the first 5--10 rounds of selection ([Figure 1](#fig1){ref-type="fig"}C; [Figure S1](#mmc1){ref-type="supplementary-material"}A), although the extent of improvement differed between independently evolved lines (L1--L7; [Figure 1](#fig1){ref-type="fig"}D). Consistently, evolved strains had a strong competitive advantage in spreading on TBSA plates compared with the parental strain RP437 ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Evolved *E. coli* lines showed similarly increased spreading in minimal medium soft agar (SA) supplemented with serine ([Figure 1](#fig1){ref-type="fig"}E), confirming that the observed enhancement of spreading is not specific to a particular composition of the medium.

As noted, spreading in SA that initially contains a uniform distribution of attractant requires not only motility and chemotaxis, but also consumption of attractant to create a gradient. To distinguish contributions of motility and metabolism, we tested behavior of evolved strains in gradients of a non-metabolizable analog of aspartate, α-methyl-D,L-aspartate (MeAsp), established either in SA or in liquid ([@bib33]). Evolved strains showed enhanced chemotactic spreading up the gradient in both assays ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D), confirming specific selection for improved motility and chemotaxis in our experiments.

Evolved Strains Show Changes in Motility and Flagellation {#sec2.2}
---------------------------------------------------------

To elucidate the mechanisms that underlie the observed enhancement in motility and chemotaxis, we first examined how experimental evolution affected *E. coli* motility ([Figure S2](#mmc1){ref-type="supplementary-material"}A). The most apparent phenotypic change in all evolved strains was increased swimming velocity in liquid: whereas velocity of the parental strain was comparable with that observed previously ([@bib39], [@bib44]), it nearly doubled in some of the evolved strains. Moreover, the majority of evolved strains also exhibited an increased frequency of reorientations (tumbling rate). Both of these features were strongly correlated with spreading in TBSA, although the significance of the correlation with increased tumbling rate was weaker. As judged from the chemotactic bias, i.e., chemotactic drift normalized by the swimming velocity, higher velocity alone could mostly account for the increase in the chemotactic drift in liquid.

Our analysis further showed that evolved strains have higher frequency of flagellar motor rotation, as observed for individual motors in immobilized cells, as well as longer and, in the case of L1, also more numerous flagellar filaments ([Figure S2](#mmc1){ref-type="supplementary-material"}B). The statistical analysis of these data suggest that increased flagellar length is the main determinant of higher velocity. In contrast, higher tumbling rate shows only weak correlation with increased length and number of flagella ([Figure S2](#mmc1){ref-type="supplementary-material"}C). Consistent with the observed increase in flagellar length, levels of extracellular flagellin were elevated in all strains ([Figure S2](#mmc1){ref-type="supplementary-material"}D).

Transcription of Class III Flagellar Genes Is Upregulated during Evolution {#sec2.3}
--------------------------------------------------------------------------

We next investigated whether the observed enhancement of motility may result from changes in gene expression. For that, we measured transcriptional activity at all three levels of hierarchy of flagellar genes, using reporters for representative class I (*flhD*), class II (*fliE*), and class III (*fliC*) promoters. Interestingly, we observed that the activity of P~*fliC*~ was upregulated in all evolved strains, whereas the activity of P~*flhD*~ and P~*fliE*~ was unchanged or even downregulated ([Figure 2](#fig2){ref-type="fig"}A). This increase in P~*fliC*~ activity showed strong correlation with cell spreading in TBSA ([Figure 2](#fig2){ref-type="fig"}B) and with swimming velocity ([Figure 2](#fig2){ref-type="fig"}C), indicating that specific upregulation of class III gene expression is a major determinant of the behavioral enhancement. Consistent with this assumption, an increased expression of σ^28^ (FliA) or titration of anti-σ^28^ (FlgM) from a plasmid resulted in a similar co-regulation of P~*fliC*~ activity with spreading in TBSA and with swimming velocity ([Figures 2](#fig2){ref-type="fig"}B and 2C). Among the other parameters, flagellar length showed highly significant correlation with P~*fliC*~ (and anticorrelation with P~*fliE*~) activity ([Figure 2](#fig2){ref-type="fig"}D; [Figure S3](#mmc1){ref-type="supplementary-material"}A), whereas flagellar number and motor speed did not show significant correlation with gene expression ([Figures S3](#mmc1){ref-type="supplementary-material"}B and S3C). However, overexpression of either flagellin FliC or stator components MotA and MotB was not sufficient to increase spreading ([Figure S3](#mmc1){ref-type="supplementary-material"}D), suggesting that concerted upregulation of multiple class III genes is necessary to enhance motility.

These results were further confirmed using genome-wide transcriptome profiling of the evolved strains ([Figure 2](#fig2){ref-type="fig"}E). Here, we also considered that during experimental evolution changes in gene expression could result not only from selection for enhanced motility, but also from adaptation to growth in TB at 30°C. In order to distinguish between these two types of selection, we subjected all lines to growth in liquid TB medium at 30°C for another 20 culture passages. This selection indeed either partly or entirely reversed the enhancement of spreading in TBSA ([Figure S3](#mmc1){ref-type="supplementary-material"}E), and these strains were included in the transcriptome analysis.

Transcriptomics results confirmed strong correlation between enhanced spreading in soft agar and selective upregulation of class III (and class II+III) flagellar genes, consistent with higher activity of σ^28^. Interestingly, expression of several genes related to cell wall biosynthesis (*murD*, *murE*, and *murG*) showed significant correlation with enhanced motility, whereas genes for ATP synthase (*atpA*, *atpB*, *atpC*, *atpD*, *atpE*, *atpF*, *atpG*, *atpH*, and *atpI*), amino sugar metabolism (*nanE*, *nanK*, *nagA*, *nagB*, and *nagE*), and succinyl-coenzyme A (CoA) synthetase (*sucC* and *sucD*) were weakly counter-regulated. Furthermore, a small number of genes were consistently up- or downregulated upon selection in both TBSA and liquid TB ([Figure S3](#mmc1){ref-type="supplementary-material"}F), possibly associated with general growth selection.

Evolved Strains Carry Multiple Mutations {#sec2.4}
----------------------------------------

Subsequently, we used genome sequencing of the evolved strains to map mutations that emerged during selection for enhanced spreading in TBSA. This analysis yielded point mutations (SNPs) in 14 genes, insertions of insertion sequence 1 (IS1) transposable sequence in 5 genes, as well as 1 gene deletion ([Table S1](#mmc1){ref-type="supplementary-material"}). No mutations were found in non-coding regions, including promoter sequences.

To our surprise, in spite of changes in flagellar gene expression in all evolved strains, only two of these mutations affected known transcriptional regulators of flagellar genes: one in *flgM* (anti-σ^28^) (L3) and another in *sspA* (L1) that encodes a starvation-response factor ([@bib25]). In addition, strain L1 carries mutation in a tRNA-encoding gene *serT* that has been previously shown to affect translation of FlgM ([@bib12]). Instead, multiple mutations mapped to genes that encode functional or structural components of flagellar apparatus. Five strains (L1, L2, L4, L5, and L7) have mutations in FliI, the ATPase component of the flagellar export machinery ([@bib19]). Two of these strains (L1 and L4) have additional mutations in the switch components of the flagellar basal body, FliM and FliG. These proteins are required for rotation of the motor and for its control by the chemotaxis system ([@bib9], [@bib57]), but they are also involved in the function of the export apparatus ([@bib24]). Furthermore, strain L3 carries, in addition to a mutation in FlgM, a mutation in CheZ, the phosphatase of the chemotaxis system, and strain L2 has an additional mutation in the aspartate chemoreceptor Tar.

A significant number of mutations mapped to genes that had no previously established relation to the flagellar regulon. These genes encoded a translation factor (*yciH*), enzymes involved in cell envelope biogenesis (*ldtB*, *mdoH*, and *idi*) or in metabolism (*hisA*, *argH*, *glpK*, and *ydfG*), transporters (*cusS* and *lacY*), and proteins of unknown function (*yebO* and *yceO*).

Multiple Adaptive Mutations Upregulate Flagellar Gene Expression and Motility {#sec2.5}
-----------------------------------------------------------------------------

It is well established that not all mutations arising in evolutionary experiments must be adaptive ([@bib50]). To distinguish contributions of different mutations to the observed enhancement of motility, they were introduced individually into the wild-type strain and assayed for their effects on spreading in TBSA ([Figure 3](#fig3){ref-type="fig"}A). We observed that all mutations in flagellar genes, as well as in genes encoding cell envelope biogenesis enzymes, increased spreading. Moreover, spreading was also enhanced by mutations in genes encoding the transcriptional (SspA) and translational (YciH) regulators, as well as the uncharacterized protein YebO. Other mutations had little or no effect or even decreased spreading.

Despite these very different functionalities of mutated proteins, we observed that the effects of individual mutations on spreading in TBSA are highly correlated with increased swimming velocity and with increased tumbling rate, and similar correlation could be observed for the evolved strains or for varying expression of σ^28^ or FlgM ([Figures 3](#fig3){ref-type="fig"}B and 3C; [Figures S2](#mmc1){ref-type="supplementary-material"}A, S2B, and [S4](#mmc1){ref-type="supplementary-material"}B). This confirms that increased swimming velocity and tumbling rate can account for the enhancement in spreading. Consistent with our analysis for the evolved strains, individual mutations that enhanced spreading in TBSA also conferred an advantage for following MeAsp gradients in soft agar ([Figure 3](#fig3){ref-type="fig"}D) or in liquid ([Figure 3](#fig3){ref-type="fig"}E).

Finally, essentially all individual adaptive mutations, including those in functional and structural flagellar proteins, led to elevated expression of class III genes ([Figure S4](#mmc1){ref-type="supplementary-material"}A). These changes showed strong correlation with increased spreading in TBSA ([Figure 3](#fig3){ref-type="fig"}F) and with swimming velocity ([Figure 3](#fig3){ref-type="fig"}G), as observed already for the evolved strains ([Figures 2](#fig2){ref-type="fig"}B and 2C), confirming that adaptive changes in class III gene expression are the major determinant of increased motility. Interestingly, the mutation in SspA showed a disproportional enhancement of motility ([Figure 3](#fig3){ref-type="fig"}G) and not only longer, but also more numerous flagella ([Figure S4](#mmc1){ref-type="supplementary-material"}C), similar to L1 that carries it.

Checkpoint Remodeling as a Mechanism of Evolutionary Plasticity {#sec2.6}
---------------------------------------------------------------

How could mutations in flagellar basal body and export apparatus mediate adaptive changes in class III gene expression? A potential mechanism linking these proteins to gene expression is secretion of the anti-σ^28^ factor FlgM. As discussed above (see [Introduction](#sec1){ref-type="sec"} and [Figure 1](#fig1){ref-type="fig"}A), FlgM-mediated inhibition ensures that σ^28^ is activated only upon assembly of the basal body that allows FlgM to be secreted. However, because FlgM is steadily expressed even after the initial checkpoint exit, its cellular levels continue to control expression of class III genes ([@bib32]). Therefore, mutations that change the efficiency of FlgM secretion may also affect gene expression. To verify the involvement of this checkpoint control, we deleted *flgM* in all evolved strains as well as in strains that carry individual mutations. Indeed, deletion of *flgM* entirely abolished the enhancement of spreading in TBSA in three of the evolved strains (L4, L5, and L7) and reduced it in three other strains (L1, L3, and L6) ([Figure 4](#fig4){ref-type="fig"}A; [Figure S5](#mmc1){ref-type="supplementary-material"}A). Similarly, in strains carrying individual mutations in flagellar genes, spreading enhancement was either abolished (for *fliI* or *fliM* mutations) or reduced (for *fliG* mutation) by the deletion of *flgM* ([Figure 4](#fig4){ref-type="fig"}B; [Figure S5](#mmc1){ref-type="supplementary-material"}B). This confirms our hypothesis that increased secretion of the anti-σ^28^ factor FlgM is the main mechanism of adaptive motility enhancement via mutations in flagellar proteins.

Interestingly, deletion of *flgM* also reduced the effects of the *sspA* and *yciH* mutations, although these gene products have no established connection to the regulation of FlgM secretion. Nevertheless, the effects of *yciH*, *ldtB*, *mdoH*, *yebO*, and *sspA* mutations on motility appear to be at least partly independent of the FlgM secretion, which may explain (residual) FlgM-independent enhancement of spreading that is observed in strains L1, L2, L3, and L6 that carry these mutations.

In order to directly confirm the connection between the checkpoint remodeling and enhanced expression of class III genes, we quantified efficiency of FlgM secretion. Consistent with our explanation, in all evolved strains FlgM secretion efficiency was significantly enhanced, leading to a lower cellular level of FlgM relative to its level in the supernatant ([Figure 4](#fig4){ref-type="fig"}C). Moreover, there was a strong correlation between the FlgM secretion efficiency and the level of class III gene expression, both in the evolved strains and in strains containing individual mutations that enhanced motility ([Figure 4](#fig4){ref-type="fig"}D). Such correlation was not observed for secretion efficiency of FliC ([Figure S5](#mmc1){ref-type="supplementary-material"}C), suggesting that the adaptive enhancement of secretion is specific to FlgM.

Trade-Off between Motility and Growth Fitness {#sec2.7}
---------------------------------------------

It is well established that evolution frequently needs to optimize different conflicting functions, thus leading to adaptive trade-offs ([@bib53], [@bib54]). For expression of highly abundant flagellar and chemotaxis proteins, the most likely fitness trade-off may be associated with growth. Indeed, when relative growth fitness of the evolved strains in liquid TB was plotted as a function of P~*fliC*~ promoter activity, clear anticorrelation between the two was observed ([Figure 5](#fig5){ref-type="fig"}A). A similarly apparent trade-off could be observed between the growth fitness and swimming velocity ([Figure 5](#fig5){ref-type="fig"}B). Consistent with that, growth rate increased upon disruption of *flhC* (eliminating expression of the entire flagellar regulon) or *fliA* (eliminating expression of class III genes), and it was severely reduced by deletion of *flgM* (upregulation of class III genes). Disruption of *fliC* gene increased growth rate nearly as much as *fliA* deletion, confirming that a large part of fitness cost associated with class III gene expression is due to production of flagellin. Indeed, deletion of *fliC* largely alleviated the fitness burden in strain L1 ([Figure 5](#fig5){ref-type="fig"}C). The remaining cost might arise from expression of other class III genes or from the energy expenditure for flagellar rotation. However, mutations in *sspA* and *yciH* seem to generally incur disproportionally high cost compared with their fitness increase, likely because they affect not only motility, but also other cellular functions.

Checkpoint Activity Correlates with Motility of Natural *E. coli* Isolates {#sec2.8}
--------------------------------------------------------------------------

We hypothesized that the observed mechanism of motility enhancement might also play a role in the evolutionary plasticity of natural isolates of *E. coli*. Consistent with that, we observed a highly significant correlation between activity of P~*fliC*~ promoter and spreading of motile natural isolates that were randomly selected from the ECOR collection ([@bib43]) ([Figure 6](#fig6){ref-type="fig"}A). In contrast, correlation with the activity of P~*fliE*~ or P~*flhD*~ promoters was either much weaker or non-significant ([Figures 6](#fig6){ref-type="fig"}B--6D). This confirms our hypothesis that variation in motility of the natural isolates is mainly determined by expression of class III genes rather than of the entire flagellar regulon. The underlying cause again appears to be the plasticity of checkpoint efficiency, because secretion of FlgM is highly correlated with the spreading in TBSA and with the P~*fliC*~ activity in most natural isolates ([Figures 6](#fig6){ref-type="fig"}E and 6F).

Bow-Tie Topology Accelerates Network Evolution {#sec2.9}
----------------------------------------------

Taken together, our findings demonstrate that mutations in multiple flagellar proteins modulate motility through a common control of FlgM secretion ([Figure 7](#fig7){ref-type="fig"}A). We also obtained similar mutations in flagellar genes in another evolutionary experiment, where selection for motility was performed on minimal medium SA plates ([Table S2](#mmc1){ref-type="supplementary-material"}). We thus hypothesized that the multi-input motif present in the flagellar checkpoint control, but also common in many other cellular networks, might play a general role in evolution. To test this hypothesis, we simulated in silico evolution of a simple bow-tie network where multiple input nodes (X1 to X3) affect activity of a common intermediate node (Y) that in turn activates the output node (Z), and compared it with evolution of linear networks where either one or multiple input nodes act independently ([Figure 7](#fig7){ref-type="fig"}B). In these simulations, the fitness increase for the bow-tie network under selection was markedly faster than for the linear networks ([Figure 7](#fig7){ref-type="fig"}C), even though the multi-input linear network can in principle attain the same maximal fitness as the bow-tie network (see [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}). Our analysis thus confirms that the bow-tie topology can accelerate network evolution.

Discussion {#sec3}
==========

It is commonly assumed that as a consequence of long-term selection, living organisms have evolved to perform different tasks optimally ([@bib16], [@bib20], [@bib29], [@bib32], [@bib41], [@bib42], [@bib53], [@bib64]). However, proving this assumption is difficult, not least because details of the past evolutionary selection pressure and the underlying trade-offs between different functions are typically unknown ([@bib27]). Moreover, establishing the genotype-to-phenotype mapping during evolutionary adaptation remains a challenge, given the difficulty in distinguishing between neutral and adaptive mutations and specifically linking a mutation to one and unlinking it from other traits ([@bib34]). Although experimental evolution can address some of these questions by subjecting (micro-)organisms to selection under defined laboratory conditions and monitoring ensuing changes in their phenotype and genotype ([@bib27]), it is most frequently applied to simple traits that involve only one or a few proteins ([@bib8], [@bib23], [@bib58], [@bib61]). Here, we used selection for *E. coli* motility in a porous environment to investigate how adaptive evolution under a specific selection pressure shapes this complex bacterial phenotype and what are the internal constraints and underlying mechanisms of genotype and phenotype remodeling.

We observed that enhanced motility evolved in all our experiments, consistent with high selective pressure at the edge of the spreading colony caused by nutrient depletion. On the phenotypic level, the enhancement of *E. coli* motility in soft agar was primarily driven by increased swimming velocity, but also by increased tumbling rate. This phenotypic adaptation can be well understood in the context of bacterial chemotaxis between traps created by agar ([@bib63]). Here, similar to the chemotaxis in liquid, bacteria must swim up the gradient to detect changes in chemical concentration and to bias their motility by reducing tumbling rate ([@bib55]). Higher swimming velocity should thus generally enhance spreading by accelerating both the random movement and chemotaxis. However, in the porous environment, higher swimming velocity alone would also lead to more frequent trapping of bacteria in the agar pores, which would limit spreading. The observed increase in tumbling rate may alleviate this hindrance by enabling bacteria not only to cover distances between pores faster, but also to escape them more efficiently ([@bib63]).

On the molecular level, this phenotypic adaptation could be accounted for by upregulated expression of class III flagellar genes. This upregulation led to increased flagellar length and motor rotation rate, whereby the former was apparently the main determinant of faster swimming. Such specific upregulation of class III genes in all of the independent evolutionary experiments was surprising, because the established transcriptional regulation of flagellar genes in *E. coli* occurs primarily at the upper (class I) level of the regulatory hierarchy and affects expression of all three gene classes ([@bib18]) ([Figure 7](#fig7){ref-type="fig"}A). Moreover, this is seemingly in contrast to previous studies showing that poorly motile *E. coli* strains could activate motility through insertion of insertion sequence 5 (IS*5*) element into the regulatory region of the *flhDC* operon ([@bib5], [@bib60]). On the other hand, we observed no transcriptional regulation of individual class III genes or changes in the network topology. Our results thus demonstrate that concerted upregulation of multiple class III genes is required, and also sufficient, to enhance motility, likely because not only FliC, but also other products of class III (and class II+III) genes are required for assembly and energizing of longer flagella, and thereby for faster swimming. Consistent with that explanation, proton channel components MotA and MotB, as well as chaperones (e.g., FliS) that are required for FliC filament assembly ([@bib3]), are encoded by class III or class II+III genes. We therefore propose that, besides its importance for sequential ordering of expression ([@bib13], [@bib30]), the topology of flagellar gene regulation may be a consequence of evolutionary selection for high plasticity of flagellar motility. This way, all class III genes that are required for increased motility are under common regulatory control, which enables concerted evolutionary tuning of their levels.

Similarly unexpectedly, we observed that the main mechanism of the adaptive upregulation of class III genes relies on enhanced secretion of the anti-sigma factor FlgM rather than on other possible mechanisms, such as upregulation of the expression or activity of σ^28^. The role of FlgM secretion as a checkpoint control for the intermediate stage of flagella assembly in *E. coli* and other bacteria is well established. The observed recurrent utilization of this checkpoint in evolutionary enhancement of cell motility suggests that it also serves another, entirely different adaptive function, namely in enabling bacteria to efficiently adjust motility dependent on environmental selection. This adjustment occurs through modulation of FlgM secretion, and it can be mediated by mutations in a number of proteins that form flagellar secretion machinery or regulate secretion in other ways ([Figure 7](#fig7){ref-type="fig"}A). Consistent with its general function in evolutionary plasticity, the σ^28^/FlgM checkpoint remodeling appears to explain the tuning of motility not only under laboratory selection, but also in natural isolates of *E. coli*. Interestingly, although the exact mechanisms through which mutations in different motor proteins enhance secretion remain to be investigated, our analysis suggests that this enhancement is specific to FlgM as a substrate. Future studies of these mutations might thus provide further insights into specificity and evolution of the export machinery of type III secretion systems.

We believe that the observed adaptive mechanism may be indicative of a previously unrecognized general role of global checkpoint control mechanisms, and of bacterial sigma/anti-sigma factors in particular, in the evolutionary plasticity of gene expression. Most such global control networks possess a specific bow-tie structure, where multiple regulatory inputs control the activity (or levels) of a key factor that in turn regulates multiple downstream targets, e.g., expression of different genes. Previous adaptive explanations for such network structure suggested that it might enable independent evolution of the input and output functions without affecting the regulatory core ([@bib15]) and also compress cellular input information ([@bib21]). Our results strongly suggest that such multi-input design also enhances evolutionary plasticity of the regulatory networks, by substantially increasing the number of possible mutations that affect activity of the common central process (the σ^28^/FlgM checkpoint in our case), and therefore adjust regulation of the downstream targets. Although it is difficult to assess the relative importance of selection for these individual properties, the enhanced evolvability is likely to be a major factor in the overall evolutionary enrichment of the bow-tie motifs in cellular networks.

Why did phenotype remodeling not occur at the level of class I gene expression, which is controlled by multiple transcriptional inputs ([Figure 7](#fig7){ref-type="fig"}C)? For one, the transcription factors involved are not unique to the flagellar regulon, meaning that changes in their activity are likely to affect other cellular functions. Moreover, instead of increasing flagellar length, the upregulation of the entire flagellar regulon might increase flagellar number, which was apparently less critical for the enhancement of motility in our experiments. We thus hypothesize that although previously reported activation of the *flhDC* operon by IS*5* insertion ([@bib5], [@bib60]) can naturally act as a binary ON-switch of motility, subsequent gradual tuning of motility under selection is more efficiently achieved through specific class III gene upregulation. Further supporting the adaptive advantage of such regulation, we observed that even mutations resulting in the FlgM-independent enhancement of motility led to higher expression of class III, but not of other flagellar genes.

Finally, we observed that selection for increased motility carries a cost of reduced growth fitness, meaning that evolution cannot simultaneously maximize both functions. Such conflict between optimization objectives is common in evolution ([@bib22], [@bib49]), and it might explain why many laboratory *E. coli* strains, as well as natural isolates, have attenuated motility. Interestingly, recent theoretical analysis has shown that for multiple conflicting optimization tasks, the existing phenotypes fall on a specific Pareto optimality front connecting both extremes of optimization, which in case of two tasks is a line ([@bib54]). In apparent agreement with this prediction, all strains in our analysis mapped roughly along the same line when growth fitness was plotted against swimming velocity. This was even true for strains that carry individual mutations, which is not trivial because of possible epistatic interactions between multiple mutations in evolved strains. We believe that such universal alignment points to remodeling of FlgM secretion as a general mechanism for optimal tuning of the motility-growth trade-off, so that any change in FlgM export would move the phenotype along the same Pareto optimization line.

In conclusion, experimental evolution demonstrated that bacteria can rapidly adjust such a complex trait as motility under selection pressure, following a defined trade-off line with conflicting optimization for growth. This high phenotypic plasticity appears to be inherent in the design of the hierarchical flagellar gene regulatory network, where genes modulating motility and chemotaxis are under the common control of a sigma/anti-sigma factor checkpoint that can be rapidly tuned under selection. Thus, besides its well-established function in the control of timing of flagellar gene expression, this checkpoint plays a key role in the evolutionary plasticity of *E. coli* motility. This latter function seems to be aided by its bow-tie architecture, and we propose that the similar design of other global regulatory networks might generally promote evolutionary adaptation.

Experimental Procedures {#sec4}
=======================

Strains and Plasmids {#sec4.1}
--------------------

All strains used in this study were derived from *E. coli* K12 strain RP437 that is commonly used as a wild-type for chemotaxis and motility studies ([@bib47]) and has constitutively activated motility because of IS*5* insertion in the promoter region of *flhDC* operon ([@bib5]). Details of strain and plasmid construction can be found in the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}. Cells were grown at 30°C in TB medium \[1% tryptone and 0.5% sodium chloride (NaCl)\] supplemented with appropriate antibiotics (ampicillin: 100 μg⋅mL^−1^, kanamycin: 50 μg⋅mL^−1^).

Experimental Microevolution {#sec4.2}
---------------------------

Microevolution of *E. coli* strain RP437 was performed in 0.3% soft agar plates supplemented with TB. After an overnight incubation at 30°C, cells from the edge of the spreading ring were collected and re-inoculated onto a new soft agar plate. The same procedure was repeated 20--30 times, as indicated. For reverse evolution, evolved strains were repeatedly grown overnight in 3 mL liquid TB at 30°C.

Motility Analyses {#sec4.3}
-----------------

For motility analysis, *E. coli* cells were grown in 10 mL TB medium at 34°C in a rotary shaker at 180 rpm. Cells (1 mL) at mid-log phase (OD~600~ \[optical density at 600 nm\] = 0.6) were collected and re-suspended in 1 mL tethering buffer (10 mM K~2~HPO~4~, 10 mM KH~2~PO~4~, 100 μM EDTA, 1 μM L-methionine, 10 mM lactic acid \[pH 7.0\]). Bacterial spreading was measured by inoculating 2 μL cell suspension at the top of 0.3% soft agar containing either TB or Minimal A medium supplemented with 0.1 mM aspartate or serine as indicated, after 7--8 hr incubation in TB or 20--22 hr incubation in Minimal A soft agar at 30°C. For measurements of chemotactic bias in soft agar, gradient of MeAsp was established in Minimal A soft agar containing glucose for 14 hr at 4°C before cell inoculation as described previously ([@bib33]). Swimming velocity and tumbling rate were measured by cell tracking in a glass chamber using phase-contrast microscopy (Nikon TI Eclipse, 10× objective, NA = 0.3, CMOS camera EoSens 4CXP). Drift velocity and chemotaxis efficiency in MeAsp gradient were tested in a microchamber made of poly-dimethylsiloxane (PDMS) using differential dynamic microscopy (DDM) ([@bib62]) and phase differential microscopy (φDM) ([@bib14]). The cells were subjected to a linear gradient of MeAsp of 100 μM per 2 mm, and average concentration at the measurement segment was 50 μM. All data were analyzed using ImageJ (<https://imagej.nih.gov/ij/>) with custom-written plugins for swimming velocity, drift velocity, and tumbling rate analysis ([@bib14]).

Genome and Transcriptome Analyses {#sec4.4}
---------------------------------

*E. coli* cells were grown in TB as described above and harvested at mid-log phase (OD~600~ = 0.6). DNA samples were prepared using commercial kits (QIAGEN), and RNA samples were prepared using hot acid/phenol RNA extraction method ([@bib37]). Genome sequencing was performed at GATC Biotech; RNA sequencing was performed at the BioQuant sequencing facility (University of Heidelberg). All sequencing data were analyzed using DNASTAR Lasergene software with *E. coli* strain MG1655 as reference template.

Promoter Activity Analysis {#sec4.5}
--------------------------

For promoter activity assays, *E. coli* strains transformed with reporter plasmids were grown in TB supplemented with kanamycin in 96-well plates at 30°C in a rotary shaker at 180 rpm. Cell fluorescence was measured using flow cytometry on BD LSRFortessa SORP cell analyzer (BD Biosciences).

Growth Fitness Analysis {#sec4.6}
-----------------------

For growth fitness measurements, equal amounts of a tested strain expressing CFP (pVS129) and the wild-type RP437 strain labeled with yellow fluorescent protein (YFP) (pVS132) were inoculated into 1 mL of TB medium supplemented with ampicillin and 20 μM isopropyl-β-D-thiogalactopyranosid (IPTG). After growth in a shaker at 30°C for 20 hr, 10 μL of cell suspensions was transferred into 1 mL PBS (pH 7.4), and the numbers of CFP- and YFP-labeled cells were measured by flow cytometry as described above. The culture was then reinoculated and the dynamics of the two cell populations was so monitored for 5 days.

Secretion Assay {#sec4.7}
---------------

Protein secretion was assayed using C-terminal fusions of a hemagglutinin (HA) tag to FlgM or to 175-amino-acid N-terminal fragment of FliC. The latter construct additionally contained a 71-bp 5′ untranslated region upstream of *fliC.* Cells were grown in TB as described above. FlgM-HA expression from a plasmid pBN4 was induced by 100 μM IPTG; FliC^1-175^-HA expression from a plasmid pBN5 was induced by 50 μM IPTG. Protein levels in the pellet and supernatant, respectively, were analyzed by immunoblotting as described in the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Quantification of Extracellular and Intracellular Flagellin {#sec4.8}
-----------------------------------------------------------

For measurements of FliC levels, density of cell culture was adjusted to OD~600~ = 1, and extracellular FliC filaments were sheared by Precellys homogenizer (Bertin Technologies) at 4,500 rpm for 20 s. Afterward, bacterial cells were collected by centrifugation (13,000 rpm for 1 min) at 4°C. Supernatants and pellets were collected separately for SDS-PAGE and immunoblotting. Anti-FliC antibody at a 1:10,000 dilution and secondary anti-rabbit IgG antibody labeled with peroxidase at a 1:5,000 dilution were used for detection.

Motor Rotation Assay {#sec4.9}
--------------------

Motor rotation assay was conducted as described previously ([@bib52]) with minor modifications. Cells grown in TB medium were collected, re-suspended in tethering buffer, and flagella were sheared by 60 passages through 26 G syringe needle. Cells were allowed to settle on glass coverslips treated with poly-L-lysine (Sigma) and incubated for 5 min with a suspension of 1.1 μm polystyrene beads (Sigma). Unattached beads were washed away using tethering buffer supplemented with 20% TB. Rotation of beads was monitored using phase-contrast microscopy (40× magnification) at 1,000 Hz for 20 s. The beads were tracked using ImageJ with a custom-written plugin, and the traces were analyzed using MATLAB to extract the frequency of rotation.

Electron Microscopy {#sec4.10}
-------------------

Carbon-coated copper grids (400 mesh) were hydrophilized by glow discharging (PELCO easiGlow; Ted Pella). Five microliters of a cell suspension (grown to OD~600~ = 0.5--0.6 as described above) was applied onto the hydrophilized grids and stained with 2% uranyl acetate after a short washing step with water. Samples were analyzed using a JEOL JEM-2100 transmission electron microscope with an acceleration voltage of either 80 or 200 kV. F214 FastScan CCD camera (TVIPS; Gauting) was used for image acquisition.

Statistical Analysis and Simulations {#sec4.11}
------------------------------------

Details of statistical data analysis and computational simulations are described in the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.
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![Experimental Evolution of Bacterial Spreading in Soft Agar\
(A) Simplified schematics of the hierarchical regulatory network that controls expression of flagellar genes. Flagellar genes are organized in three classes dependent on the order of their expression, as indicated. Activity of σ^28^ (FliA) that is required for expression of class III genes (red) is controlled by a checkpoint that involves secretion of inhibitor FlgM (anti-σ^28^) upon completion of the hook-basal body and export apparatus. Class II+III genes that have both class II and class III promoters are labeled yellow. See text for further details.\
(B) Schematic illustration of the experiment. Bacteria are inoculated in the middle of the TB soft agar (TBSA) plate and allowed to spread overnight. Fastest spreaders (∼10^6^ cells) are taken from the edge of spreading colony and used to inoculate a new plate. L1 indicates evolution of line 1, D1 indicates days 1 of evolution, etc. Right: spreading of the parental RP437 and evolved L1-D29 strains.\
(C) Time course of enhancement of spreading during evolution of line L1, where spreading was quantified as the diameter of the colony ring on the TBSA plate and normalized to the spreading of RP437.\
(D) Spreading of individually evolved lines. All lines spread significantly faster than RP437 according to a two-tailed t test (^∗^p \< 0.05).\
(E) Correlation between spreading in TBSA and in minimal medium SA supplemented with 0.1 mM serine. Color code for individual lines here and throughout is the same as in (D). Note that because of the growth defect in minimal medium, line L2 could not be analyzed.\
All data here and throughout are represented as mean ± SEM of three replicates. Correlation value is 0.76. Correlation values and p values indicated in panels were calculated as described in the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.](gr1){#fig1}

![Upregulation of Class III Flagellar Genes during Evolution\
(A) Activity of P~*flhD*~, P~*fliE*~, and P~*fliC*~ promoters in evolved strains assayed using plasmid reporters. Color code shows log~10~ of promoter activity normalized to RP437.\
(B--D) Correlation between P~*fliC*~ promoter activity and spreading in TBSA (B), swimming velocity (C), or flagellar length (D). Gray dot indicates RP437Δ*fliA* expressing σ^28^ (FliA) from a plasmid (pBN2; no IPTG induction); dark red dots indicate RP437Δ*flgM* expressing anti-σ^28^ (FlgM) from a plasmid (pBN3; 0, 10, and 20 μM IPTG). Other dots indicate RP437 and evolved strains, with colors as in [Figure 1](#fig1){ref-type="fig"}D. Correlation values are 0.81 (B), 0.71 (C), and 0.78 (D). Lines indicate hyperbolic fits to the data for visualization.\
(E) Changes in genome-wide transcription that correlate with enhanced motility, i.e., showed opposite-sign change upon selection for spreading (L1-L7) or for growth in liquid (R1-R5), as revealed by RNA-seq. Color code shows log~2~ of promoter activity normalized to RP437.\
See also [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.](gr2){#fig2}

![Upregulation of Motility and Flagellar Gene Expression by Adaptive Mutations\
(A) Spreading in TBSA for RP437 strain carrying individual mutations that were identified in evolved lines. Spreading was normalized to the wild-type RP437. Significant decrease (green asterisks, p \< 0.05 according to two-tailed t test) or increase (black asterisks, p \< 0.05; red asterisks, p \< 0.01) in spreading is indicated. Classification of mutated genes is indicated.\
(B--E) Correlation between spreading in TBSA and swimming velocity (B), tumbling rate (C), chemotactic bias in MeAsp gradient in SA (D), or chemotactic drift velocity in MeAsp gradient in liquid (E) for strains carrying single mutations (dark blue) and for evolved strains or strains with varying levels of FliA or FlgM (colors as in [Figure 2](#fig2){ref-type="fig"}B). Data for evolved strains in (D) are taken from [Figure S1](#mmc1){ref-type="supplementary-material"}C. Correlation values are 0.82 (B), 0.74 (C), 0.78 (D), and 0.59 (E). Line in (E) indicates an exponential fit.\
(F and G) Correlation between P~*fliC*~ promoter activity and spreading in TBSA or swimming velocity for the same strains. Data for evolved strains are taken from (B) and (C). Correlation values are 0.81 (F) and 0.73 (G). Lines indicate hyperbolic fits.\
See also [Table S1](#mmc1){ref-type="supplementary-material"} and [Figure S4](#mmc1){ref-type="supplementary-material"}.](gr3){#fig3}

![Sigma Factor Checkpoint Remodeling during Evolution\
(A and B) Spreading in TBSA for evolved strains (A) and strains carrying individual mutations (B) upon disruption of *flgM* gene. Spreading was normalized to RP437Δ*flgM*. Black (p \< 0.05) and red (p \< 0.01) asterisks indicate significance of increase in spreading compared with RP437Δ*flgM*.\
(C) FlgM secretion efficiency in indicated strains, assayed by measuring levels of FlgM-HA in supernatant (sup) and pellet (pel) fractions.\
(D) Correlation between FlgM secretion efficiency and P~*fliC*~ promoter activity. Individual mutations that result in highest increase in secretion are indicated. Correlation value is 0.72. Color code is as in [Figure 3](#fig3){ref-type="fig"}.\
See also [Figure S5](#mmc1){ref-type="supplementary-material"}.](gr4){#fig4}

![Trade-Off between Motility and Fitness\
(A and B) Correlation between relative growth fitness and P~*fliC*~ promoter activity (A) or swimming velocity (B). Relative growth was determined by co-incubation of tested strain with the wild-type (RP437), and relative fitness was defined as the fraction of the tested strain after 5-day incubation normalized by the fraction at inoculation (0.5). Correlation values are −0.68 (A) and −0.88 (B). Line in (A) indicates a bi-exponential decay fit. Color code is as in [Figure 3](#fig3){ref-type="fig"}.\
(C) Proportions of indicated strains in competition assay over time.](gr5){#fig5}

![Correlation between Flagellar Gene Expression and Motility in Natural Isolates\
(A--D) Spreading in TBSA as a function of P~*fliC*~ (A), P~*fliE*~ (B), or P~*flhD*~ (C) promoter activity in natural *E. coli* isolates, and significance of correlation based on regression analysis of these data (D).\
(E and F) Spreading in TBSA (E) and P~*fliC*~ promoter activity (F) as a function of FlgM secretion efficiency.](gr6){#fig6}

![Multi-input Checkpoint Control Mediates Evolution of Motility\
(A) Remodeling of flagellar checkpoint control under selection. Left: flagellar genes are organized in three classes (see [Figure 1](#fig1){ref-type="fig"} and text for details). Checkpoint control couples expression of class III genes (red/orange) to completion of flagellar hook-basal body (HBB) through secretion of FlgM that releases σ^28^ (FliA). Class I genes (blue) are controlled by a number of upstream transcriptional regulators, only some of which are shown. Right: adaptive mutations in multiple HBB (FliM and FliG) or export apparatus (FliI and FliH) proteins encoded by class II genes (green) enhance export efficiency of FlgM, thereby increasing cellular levels of active FliA and leading to upregulation of class III genes. See also [Table S2](#mmc1){ref-type="supplementary-material"}.\
(B and C) In silico evolution of linear and bow-tie networks. Networks have either one (X) or multiple (X~1~ to X~3~) inputs that activate the output (Z) through independent or common intermediates (Y), as schematically shown (B). The strength of activation is denoted by W. Networks were subject to simulated evolution as described in the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} for 100 generations. Median fitness, assumed to be proportional to Z, was calculated for simulations of each network with 100 randomly selected initial parameter sets (C) and plotted against the number of generations.](gr7){#fig7}

[^1]: Lead Contact
